A series of field experiments has been conducted in North West Italy over a period of 3 years to evaluate the effect of fungicide applications on common wheat yield and safety, combined with different agronomic conditions (high: a susceptible variety to FHB planted in an untilled field; low: a medium tolerant variety to FHB planted in a ploughed field) for Fusarium head blight (FHB) infection risk. A azole mixture (prochloraz + epoxiconazole), applied at heading, was compared in each year and for each agronomic condition with a triazole with high activity against F. graminearum and F. culmorum (metconazole), a strobilurin-azole mixture with elevated action to control leaf diseases and delay leaf senescence (azoxystrobin + prochloraz) and an untreated control. The following parameters were analyzed: flag leaf greenness, grain yield, test weight, thousand kernel weight (TKW), FHB incidence and severity and deoxynivalenol (DON) contamination.
Introduction
The application of fungicides to wheat (Triticum aestivum L.) canopy from heading to anthesis could be an essential practice to reduce yield loss due to fungal diseases attacking ears and leaves (Mesterházy et al., 2003; Ransom and McMullen, 2008) .
Fusarium Head Blight (FHB) is the most widespread ear wheat disease and it could be caused by a variety of fungi, including Microdochium nivale and different Fusarium species (Champeil et al., 2004a) . This disease causes total or partial ear premature senescence with a consequent reduction in both crop yields and grain quality. F. graminearum and F. culmorum, the most important FHB agents, are also the main causes of the accumulation of the type-B trichothecenes deoxynivalenol (DON), which is associated with serious mycotoxicosis in humans and animals (Bottalico and Perrone, 2002) .
In addition to FHB, several other wheat foliar diseases could also severely reduce grain yield and quality, due to a reduction canopy photosynthetic life , which is of particular importance for flag leaf during grain filling (Richards, 2000) . The leaf spot complex (caused mainly by Septoria tritici, Stagonospora nodorum and Drechslera tritici-repentis), powdery mildew (Blumeria graminis f.s. tritici) and rusts (Puccinia spp.) are the most common foliar diseases throughout the world (Robert et al., 2004) .
The most important preventive measures for both ear and foliar diseases are: to minimize the pathogen inocula in the field by using crop rotation (Champeil et al., 2004b , Krupinsky et al., 2004 , to reduce previous crop residues through soil tillage (Maiorano et al., 2008) or to use resistant varieties (Loyce et al., 2008; Tóth et al., 2008) . However, in climatic conditions conductive to fungal diseases, the above preventive measures could be not insufficient and direct control through the use of fungicide application are necessary .
Fungicides containing triazole, imidazole or triazolinthione active ingredients, which inhibit the biosynthesis of ergosterol, have proved to be the most active molecules for the control of FHB infection and the consequent DON contamination (Paul et al., 2008) . However, the use of azole fungicides for FHB control and DON grain accumulation led to different results (Edwards et al., 2001) . In some naturally infected trials the application of azoles significantly reduced FHB symptoms, but did not affect DON contamination (Milus and Parsons, 1994) . Metconazole, prothioconazole and tebuconazole have been reported to be the most effective fungicides for the control of Fusarium spp. and reducing the level of the main mycotoxins that occur in cereal grain (Pirgozliev et al., 2002; Klix et al., 2007; Paul et al., 2008) . Azoles, which are primarily applied at heading beside FHB control and reduction of DON contamination (Pirgozliev et al., 2008) , also resulted to have a significant effect on the reduction in the decline of the green leaf area in flag leaves and on the increase in grain yield and quality (Matthies and Buchenauer, 2000) .
The inclusion of strobilurin-fungicides in wheat disease control programmes for wheat has been associated with an extended flag leaf life and increased grain yields and grain protein content (Dimmock and Gooding, 2002) . Strobilurins, which block electron transport in the mitochondrial respiratory chain, are also able to induce a longer duration of the green flag leaf area much longer than azoles (Ruske et al., 2003) . Moreover, these fungicides have been shown to alter phytohormones level, to increase in the activity of antioxidative enzymes and the net rate of photosynthesis (Oerke et al., 2001) . Strobilurins have instead shown poor efficacy in the control of FHB caused by toxigenic Fusarium spp. (Pirgozliev et al., 2002) and, furthermore, in vitro and field studies have revealed in some occasion an increase in DON accumulation (Menniti et al., 2003) . In order to assure lower mycotoxin contamination in wheat grain, the application of strobilurin fungicides is only recommended in a mixture with azoles (Pirgozliev et al., 2003) .
The efficacy of fungicide treatments on fungal disease control and on wheat yield in naturally-infected trials is highly variable and often unclear, since it depends on environmental and agronomic conditions, which in turn affect fungal development. The objective of this study was to evaluate the effect of the azole mixture (prochloraz + epoxiconazole) applied to wheat at the heading stage in natural field conditions, on delay in flag leaf senescence, grain yield and DON contamination. Furthermore, the above azole mixture was compared to metconazole, reported to be highly efficient in FHB control and to reduce DON accumulation, and a mixture containing strobilurin (azoxystrobin + prochloraz) highly active to control leaf diseases and to prolong the duration of the green flag leaf area. The comparison of these commercial fungicides was carried out under different climatic and agronomic conditions over a three-year experiment.
Materials and Methods

Experimental site and treatments
Experiments were carried out from 2005 to 2007 in 3 growing seasons at Riva presso Chieri (province of Turin), North West Italy (44° 54' N, 7° 24' E; altitude 262 m a.s.l.), in a sandy-medium textured soil, Typic Udifluvents (USDA classification).
Two adjacent experimental fields of winter wheat cultivars with high and low agronomic risks concerning FHB infection and DON contamination, were prepared each year with maize as the previous crop. The agronomic conditions were: i) high agronomic risk: a susceptible variety to FHB (cv. Serio) (Mayerle et al., 2007) planted in an untilled field, with the previous crop residues left on the soil surface, to maximize pathogen inoculum availability; ii) low agronomic risk: a medium tolerant variety to FHB (cv. Bologna) (Mayerle et al., 2007) planted in a tilled field, after an autumn ploughing (30 cm) which incorporated maize debris in the soil, followed by disk harrowing to prepare a proper seedbed.
Both varieties were quite tolerant to powdery mildew (Blumeria graminis f.s. tritici) and are classified as medium susceptible to rusts (Puccinia spp.) and Stagonospora-Septoria complex leaf blotch (Septoria tritici and Stagonospora nodorum).
In both fields, which were characterized by different agronomic risks, different fungicides were applied at heading [growth stage (GS) 59] (Zadoks et al., 1974 The fungicides were applied at the manufacturers' recommended field rates with a 4 nozzle precision sprayer (T-Jeet 110/04) using a fine mist at a slow walk to ensure an effective coverage. The delivery pressure at the nozzle was 324 KPa.
The treatments for each field condition were assigned to experimental units using a completely randomised block design with four replicates. The plot size was 7¥2 m. Planting was conducted in 12 cm wide rows at a seeding rate of 450 seeds m -2 . The weed control was conducted with isoproturon and diflufenican at wheat tillering (GS 31). Gliphosate was applied in the untilled field before direct sowing. A total of 140 kg N ha -1 was applied to the plots as granular ammonium nitrate fertilizer, and was split equally between GS 31 and 39. The sowing, flowering and harvesting data for each year and each site are reported in Table 1 .
The grain yields were obtained by harvesting the whole plot with a Walter Wintersteiger cereal plot combine-harvester. A subsample was taken from each plot to determine the grain moisture, test weight and thousand kernel weight (TKW). The grain yield results were adjusted to a 120 g kg -1 moisture content. The harvested grains were mixed thoroughly, and 2 kg grain samples were taken from each plot to analyse the DON content.
Foliar disease and flag leaf greenness
The incidence of Stagonospora-Septoria complex leaf blotch, powdery mildew and rusts was recorded for each plot, after a visual evaluation of flag leaves at the soft dough stage (GS 85). The mean affected area of each disease was classified by a 1-9 scale.
A chlorophyll meter, Hydro N-Tester ® (HNT) (Yara International ASA, Oslo, Norway, formerly Hydro-Agri), was used to measure the rel- ative flag leaf greenness after the fungicide application. Readings (HNT units between 0 and potentially 999) were taken using the HNT at midlength of the flag leaf from 30 randomly selected plants per plot. The HNT measurements were carried out at different ripening stages: early milk (GS 71), early dough (GS 83) and hard dough (GS 87). This last stage was used to distinguish between plots in which the flag leaves were still regularly photosynthezing and those in which translocation to the grains was almost complete.
FHB symptoms and DON analyses
FHB incidence and severity were recorded for each plot, by carrying out visual evaluations of the disease at the soft dough stage (GS 85). FHB head blight incidence was calculated as the percentage of ears with symptoms when 200 ears per plot were analysed. FHB severity was computed as the percentage of kernels per ear with symptoms. A scale of 1 to 7 was used in which each numerical value corresponds to a percentage interval of surfaces exhibiting visible symptoms of the disease according to the following schedule: 1=0-5%, 2=5-15%, 3=15-30%; 4=30-50%, 5=50-75%, 6=75-90%, 7=90-100% (Parry et al., 1995) . The FHB severity scores were converted into percentages of the ear exhibiting symptoms, replacing each score with the mid-point of the interval.
To describe what Fusarium species were most prevalent in each year and agronomic condition, the evaluation of the fungal infections was carried out on the T1 treatment using 10 ears per plot randomly collected at the soft dough stage. One hundred wheat kernels per treatment were surface disinfested for 3 min in a 0.5% solution of sodium hypochlorite, then rinsed 3 times with sterile water. The kernels were placed in Petri dishes containing Komada' agar (a Fusarium-selective medium) and incubated at 20°C. The Fusarium colonies were identified after 7 to 10 days on the basis of the colony and conidial morphology, as reported by Nelson et al. (1983) .
A 2 kg representative sample of wheat kernels collected after harvest from each plot was finely ground using a Model MLI 204 Bühler laboratory mill (Bühler S.p.A, Milano, Italy) to pass a 1 mm sieve. The DON concentrations were determined according to the method reported by Neumann et al. (2009) on the basis of an immunoaffinity column clean-up of the extracts and mycotoxin was determinate by HPLC/UV. Appropriate dilutions of sample extracts were necessary before loading in immunoaffinity columns for the samples contaminated with higher DON levels than 2000 µg kg -1 to avoid saturation of the DON-antibody binding sites. The detection limit of the method was 20 µg kg -1 (signalto-noise ratio of 3:1).
The reduction in DON level by means of a fungicide application can be expressed for each agronomic and environmental condition, by a parameter, efficacy (E), which is defined by the following ratio (Folcher et al., 2009 ):
Statistical analysis
The normal distribution and homogeneity of variances were verified by performing the Kolmogorov-Smirnov normality test and the Levene test, respectively.
An analysis of variance (ANOVA) was conducted for all the year and agronomic condition combinations to isolate and evaluate the effect of the fungicide application on the HNT readings, grain yield, test weight, TKW, FHB incidence and severity and DON content. The comparisons of the means of the fungicide treatments were made using the StudentNewman-Keuls test. The statistical package SPSS for Windows, Version 16.0 (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.
The FHB incidence and severity values were arcsin square root transformed as percentage data derived from counting. The DON concentration was transformed using the y'=ln(x+1) equation to normalize the residuals.
Results
Weather conditions
The three growing seasons showed different meteorological trends from the beginning of the stem elongation stage to harvesting (Table  2 ). In 2006, the precipitations were not particularly elevated, but they were concentrated close to anthesis. Frequent rainfall occurred in 2007, at the end of ripening (June), but the last rainfall was late and not able to prolong grain filling duration. In 2008, instead, the precipitations were frequent and regular from April to June, above all from the beginning of flowering to the soft dough stage, thus prolonging the harvest till the middle of July. In 2006 and 2007, the growing degree days (GDDs) were particularly high in June, thus quickening the canopy senescing process and leading to a reduction in the grain filling period and to an early maturity of the crop.
Flag leaf greenness
In the 2005-2006 and 2006-2007 growing seasons, the flag leaves in the plots not treated with fungicides (T1) were characterized, for both varieties, by medium Stagonospora-Septoria complex leaf blotch and rust attacks (classified from 3 to 5 in a 1-9 scale). In the 2007-2008 growing season, the area affected by Stagonospora-Septoria complex leaf blotch in the T1 plots was higher (from 6 to 8), while the severity of rust attacks was always low. In general, powdery mildew attack was low, in particular in the 2006-2007 growing season.
The HNT reading clearly described the greenness status of the flag leaves during the different GSs (Table 3) In the 2005-2006 and 2006-2007 growing seasons, at GS 71 (watery ripe) and GS 83 (early dough), no significant differences were observed for the HNT values between the treatments. In 2008, with a higher Stagonospora-Septoria complex leaf blotch pressure, T2 and T4 treatments showed significantly (P<0.05) higher HNT values than T1 treatment at GS 71 and at GS 83 for the low risk agronomic conditions. In the 2007-2008 growing season, at GS 83 (early dough) for high risk agronomic conditions, only T4 treatment was significantly higher than T1 (P<0.05).The fungicide applications (T2, T3 and T4), in all the growing seasons and agronomic conditions at GS 87 (hard dough), significantly delayed flag leaf senescence compared to T1 treatment (P<0.05), with the exception of the 2007-2008 growing season for the T3 treatment. At GS 87 (hard dough), the azole fungicide application at heading (T2) on average increased the HNT values by 21% and 32%, compared to the untreated control (T1) for low and high risk agronomic conditions, respectively. At GS 87 (hard dough), ANOVA also showed significant differences (P<0.001) between the fungicides: metconazole (T3) showed a significantly lower flag leaf greenness compared to T2 and T4 treatments in both agronomic conditions in 2007-2008 and compared No significant differences for the flag leaf greenness were observed at GS 87 (hard dough) between the azole mixture (T2) and the addition of a strobilurin to a azole fungicide (T4), which, on average, increased the HNT values by 22% and 39% compared to T1 treatment, respectively (Table 3) .
FHB symptoms and DON contamination
In all the years, the most frequently isolated fungal species at the soft dough stage (GS 85) in the samples from the T1 plots were F. graminearum and F. culmorum (data not shown). The isolation frequency of Microdochium nivale, F. poae, and F. verticillioides was frequent every year, but the infections were limited to some kernels.
In the 2007-2008 growing season, the mean infection of T1 treatment (55%, average of high and low risk agronomic conditions) by the above Fusarium spp. was higher than in the 2005-2006 and 2006-2007 ones, when similar low percentages of kernels infected by DONproducing Fusarium spp. were found in the T1 treatment (9%, average of high and low risk agronomic conditions). Considering the average data of the three growing seasons for T1 treatment, the infection in the kernels from the high risk agronomic conditions was double that of the low risk conditions (32% vs 16%).
The (Table 4) . Considering the average data of the three growing seasons for T1 treatment, the low risk agronomic conditions clearly showed lower FHB incidence (48% and 55% for transformed and not transformed data, respectively) than the high risk conditions (68% and 81% for for transformed and not transformed data, respectively). ANOVA showed a significant effect of the fungicide treatments on FHB incidence and severity for all the agronomic conditions and growing seasons (P<0.05).
In each condition, the azole mixture application at heading (T2) significantly reduced the FHB incidence and severity compared to the untreated control (T1), with a reduction of 19% and 13% for the two parameters, respectively. The strobilurin addition to an azole fungicide did not affect the FHB control compared to the azole-only control. The application of metconazole (T3) significantly reduced the FHB severity (by 12%) compared to the untreated control (T1) in all the environmental and agronomic conditions. On the other hand, no significant differences were observed between T3 and T1 treatments in the high risk agronomic condition in The difference in the efficacy (E) between the different fungicides applied in the T2 and T3 treatments was higher in the high risk conditions than in the low ones and increased moving from the 2005-2006 growing season to the 2007-2008 one. On average, the efficacy of the T2 treatment was 62% and 46%, in the low and high risk agronomic conditions, while the efficacy of the T3 treatment was 69% and 58%. For both agronomic conditions, the fungicide application efficacy was different over the 3 growing seasons.
The efficacy in reducing DON contamination was evaluated, on average, for the T2 treatment at 73, 49 and 40% for 2005-2006, 2006-2007 and 2007-2008 (Table 5 ). In these experiments, the azole mixture (T2) and the azole-strobilurin mixture (T4) significantly increased the grain yield compared to the untreated control (T1). In 
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Discussion
The results of these experiments, conducted over three years characterized by extremely different meteorological trends, underline the important link between fungicide efficacy and environmental and agronomic conditions, factors which influence fungal disease pressure.
The prochloraz and epoxiconazole mixture application at heading confirms a clear effect on delaying flag leaf senescence, reducing FHB incidence and severity and DON contamination and increasing grain yield. These effects were greater with higher ear and leaf disease pressure. The increase in wheat yield, as a consequence of fungicide application at heading in naturally-infected conditions, are in agreement with those of a previous research (Blandino et al., 2006) and with those of Ransom and McMullen (2008) , who observed an increase in grain yield of 11% and 5% in the lowest fungal pressure and of 27% and 44% in the highest one, respectively. In durum wheat cultivated in North Italy, the application of prochloraz and ciproconazole mixture at heading led to yield advantages comprise between 8% and 40% . Focusing on foliar disease, Gooding et al. (2000) observed that the fungicide application increased grain yield by 13% (average of 9 trials), but the yield was increased by 47% in the experiment with the strongest attack to flag leaf. Although more than 80% of the variance in yield was due to the environment, Milus (1994) reported that a tebuconazole or propiconazole application to control leaf rust and septoria leaf blotch, on average, increased grain yield by 14%, while only 3% of variance was due to the interaction between environment and treatment. In our experiments, the grain yields were not significantly increased by the azole mixture when it was applied with a low disease pressure.
On the other hand, the DON contamination was reduced by the fungicide to a greater extent in the low risk agronomic and environmental conditions than in the high risk ones, confirming the data of Mesterhazy et al. (2003) , who achieved better efficacy when fungicides were applied to a medium tolerant cultivar than when applied to a susceptible one. In our experiment, the fungicide efficacy to minimize the DON content was higher each year in the low agronomic risk condition for the FHB infection (combination of ploughing and medium tolerant cultivar) than in the high one. reported that a fungicide application reduced the DON content by 31% when the previous crop was wheat, while a reduction of 57% occurred when it was canola, which determines a clearly lower FHB infection. On the other hand, our data are in contrast with a similar experiment conducted over 2 years in Germany (Koch et al., 2006) , where a tebuconazole treatment only slightly diminished the DON concentration (by 14%) when a medium tolerant cultivar was cultivated after ploughing, while spraying a fungicide decreased the DON content by 71% when a susceptible cultivar was grown with minimum tillage conditions.
The azole mixture, compared to a triazole with high activity action against DON producing fungi (metconazole), showed a similar and sometimes higher capacity to reduce FHB incidence and severity, Similar results have also been reported by Pirgozliev et al. (2008) , concerning a naturally-infected experiment, where F. graminearum and F. culmorum were the predominant species. On the other hand, the DON content was always higher when prochloraz + epoxiconazole was applied, compared to the metconazole application, although significant differences between these fungicides, for DON content, were only observed in the more rainy growing seasons. Our findings are in agree- ment with other field investigations (Paul et al., 2008) , which reported that metconazole was the most effective treatment, with an efficacy of 45%, while the other active substance efficacies were 43% (prothioconazole), 23% (tebuconazole) and 12% (propiconazole). In our study, the difference in the efficacy to minimize DON contamination, between a specific fungicide for this purpose and a standard one, clearly increased with more favourable agronomic and environmental conditions for FHB and DON contamination. Compared to a strobilurinazole mixture, which was selected as a reference in our study for a fungicide with elevated action to prolong green flag leaf life, the azole mixture showed insignificant differences for the HNT reading at the end of the filling period and for grain yield, test weight and TKW, confirming the results of other researches (Dimmock and Gooding, 2002; ). Furthermore, in our trial, the strobilurin-azole application showed a numerically higher flag leaf greenness at GS87 than the azole mixture in the untilled plots or in the year with the highest foliar disease pressure. In other experiments, the addition of a strobilurin fungicide, compared to triazole alone, significantly delayed the senescence of the flag leaves and consistently increased yields and TGW (Gooding et al., 2000; Ruske et al., 2004) . The lack of a clear effect associated with the strobilurin addition compared to the azole fungicide, even for higher disease pressure conditions, could be related to the use of epoxiconazole in the mixture applied in our study. This fungicide, among the azoles, shows the best efficacy in controlling foliar disease (Mercer and Ruddock, 1998) . On the other hand, Bertelsen et al. (2001) reported a significantly higher capacity of azoxystrobin to maintain the green leaf area longer than epoxiconazole. As expected, metconazole on its own showed a lower efficacy in delaying flag leaf senescence and in lowering the grain yield compared to the azole mixture, while, as expected, the addition of a strobilurin to an azole application at heading significantly increased DON contamination compared to the treatment with the azole on its own. Both these effects were clearly amplified when the agronomic and climatic conditions led to higher fungal disease pressure. Another aspect, which was not considered in our trial, could involve verifying whether the mixture between a fungicide with high activity against DON producing fungi and a strobilurin in natural infected conditions could be able to reduce the defects of each fungicide and obtain an overall better performance of the fungicide treatment. Pirgozliev et al. (2008) , in artificially inoculated trials, reported that both metconazole and tebuconazole reduced DON in grains by 50-60% more than applying azoxystrobin on its own, or in a mixture with either of the two triazole fungicides. Moreover, the collected data also demonstrated that the most effective fungicide applied in this trial may not provide sufficient control of DON contamination, if the environmental or agronomic conditions are extremely favourable for fungal development.
In conclusion, our results, obtained under naturally-infected field conditions, provide useful information to help evaluate the effects of fungicide applications at heading on wheat yield and sanity in distinct scenarios for FHB and foliar diseases pressure. Since environmental (weather conditions, fungal population) and agronomic (mainly cultivar susceptibility to FHB and foliar disease, crop rotation, soil tillage) factors clearly influence the performances of fungicide applications at heading, direct wheat protection programmes need to carefully take into account the probable level of fungal diseases, on the basis of predictive Fusarium head blight and related mycotoxin contamination models, and on the basis of the whole cropping system applied.
